Part I (a) Introduction
Because full accounts are given in this volume of all the papers presented at the Discussion, I shall choose only a few highlights from most of them; but, in so doing, I shall incorporate some of the illustrations that I showed in a lecture that I gave at a Nobel workshop in early May, 2015, in Sweden, under the title of 'Some of tomorrow's catalysts'.
I begin, however, by reminding everyone of both the central role of catalysis in general in manufacturing processes, and, in particular, the dominating role that heterogeneous catalysis has, compared with homogeneous catalysis and biocatalysis, in the general realm of catalytic processes (figure 1).
In figure 1 , which was constructed by BASF over a decade ago (and drawn to my attention by Gerhard Ertl), biocatalysis plays a rather small role. Judging by what we heard in this Discussion from Prof. Nicholas Turner-and from what I heard in Sweden from Prof. Frances Arnold, a world leader in this field-it is likely that biocatalysis is set to play a greater part in chemical manufacturing processes in the near and indefinite future. Also, organometallic catalysts have played a prominent role in industrial catalysis since this chart was compiled.
One particular advantage, highlighted by Turner [1] , is that enzymes can be so tailored as to facilitate cascade processes, in which a given reactant is converted, through multiple steps, to a desired product without the necessity of separating out all the intermediates. Such cascade processes, to which I shall return later (in an inorganic context), are highly advantageous, if only because they minimize the costs of manufacture of chemicals. It is well known that a large fraction of the costs expended in chemical manufacture are taken up in the processes of separation. We were reminded by Prof. Friend [2] that, in the context of the general global use of energy by mankind, about one-quarter of it is used in producing chemicals. There is clearly a need to reduce this proportion considerably, and cascade (one-pot) conversions constitute one appropriate route to take.
(b) Personal reflections on the papers presented at the discussion meeting
As expected, Corma [3] gave us an elegant account not only of his work on preparing new catalysts with larger micropores than usual, and also of his use of Sn atoms as frameworksubstituted Lewis acid entities for cascade reactions, but, in addition, he discussed microporous zeotypes for the separation of gases, notably CH 4 from CO 2 and propene from propane. He also described the structure known as ITQ-37 solved by his Swedish colleagues and himself a few years ago [4] . This is one of the few zeotypes that crystallizes in a chiral space group. At the time of its preparation, there was much excitement, as it might lead to its use in effecting asymmetric conversions of organic molecules, an advance, which, if substantiated, would constitute a significant contribution to catalysis in organic syntheses.
It is not enough for a zeotype to belong to a chiral space group for it to be useful in asymmetric reactions. Solids that belong to a chiral space group will, in general, consist of an equal quantity of enantiomorphs. One needs either homochiral crystals or constrained chiral crystals for such conversions. It has become clear [5] [6] [7] that the appropriate metal-organic framework (MOF), of the kind described and used by Wu & Lin [8] , and others [9] [10] [11] [12] , are superior chiral solids because they can readily be prepared as homochiral crystals. Wu & Lin [8] have beautifully demonstrated the efficacy of such designed catalysts for reactions such as the addition of diethylzinc to 1-naphthaldehyde to produce (R)-1-(2-napathyl)-propanol with complete conversion and 90% enantioselective excess (ee).
Fraser Armstrong's summary (https://royalsociety.org/events/2015/06/catalysis-dm/) of the present position concerning electrocatalysis by enzymes was especially instructive. Not only did he remind us of the phenomenal catalytic activity of enzymes-with turnover frequencies (TOFs) in his hydrogases-facilitated reaction of 10 3 -10 4 s −1 -he emphasized the importance of the detailed structural architecture of the amino acid moieties situated at large distances (several tens of ångström) from the catalytically active Ni-and Fe-active sites. The systems studied by him and others on enzymes are ideal for the investigation of the role of entities situated in the second and third shells from the active centre. Another feature of his work is that the precise structure (in atomic detail) of his immobilized catalysts is known so well, and is, moreover, amendable to delicate change by site-directed mutagenesis. His studies with his collaborators, Rhiannon Evans and Simon Phillips, constitute elegant examples of a special and important kind of heterogeneous catalysts where the complex nature of the active site is exceptionally well defined.
Dr Cynthia Friend's presentation [2] reminded us, inter alia, that density functional theory (DFT) calculation of binding energies of small molecules to metal surfaces must also include van der Waals interactions, a fact that has only recently been appreciated by many computational scientists. She also adumbrated aspects of her work on self-regenerating Au-Ag, mesopore catalysts of composition Ag 0.03 Au 0.97 .
In Peijun & Wang's paper [13] , on the very topic of using DFT for catalyst design, especially those that facilitate the transformation of amides, by hydrogenation, to amides, he showed that single-phase catalysts are of little use.
The fuel cell paper by Petra Cameron dealt with minute quantities of electrical output, but with the use of whole (biological) cells immobilized on an electrode surface. Their advantages include cheapness (no requirement for prior purification), and they are more stable than immobilized isolated enzymes. They are also self-healing. Her microbial fuel cells, apart from generating small currents of useful power, can also be used for the treatment of waste water and for sensing water-borne toxins.
Rosseinsky and colleague's paper [14] was divided into two parts: (i) high-throughput methods of investigating the optimum sizes of cobalt-based Fischer-Tropsch catalysts using robots to prepare numerous different candidates and (ii) a computational modular assembly approach to the design of a new cathode for the solid oxide fuel cells. Interesting results were achieved in both of these studies. But, so far as the first part of his work is concerned, Rosseinsky himself admitted that the combinatorial approach can never thoroughly explore all the possible promising catalysts for a given conversion. As CNR Rao pointed out in the Discussion, in relation to both the first and second parts of Rosseinsky's paper, it is chemical know-how and chemical intuition-not trial and error-that has, in the past, led to over 90% of the major advances in solidstate chemistry. A point made by a member of the audience devolved upon the issue of whether predicting the 'right' structure for a new catalyst necessarily implied that that structure would be the most catalytically effective. It is clear that Rosseinsky's methodology has much to commend it.
The topic of Karen Wilson's stimulating presentation [15] was 'catalysts for the production of energy from renewable sources'. Among the many interesting facts in her work was the use of steam-explosion treatment of biomass, which gives rise to a useful new source (both from the resulting hydrolysate and the condensate).
This novel technique is used by scientists in the food-oriented industry. By judicious use of solid acid catalysts, which have long been known [16] to serve as effective means of transforming a wide variety of widely available reactants to useful products. Carefully prepared porous solids of precisely defined architecture (as discussed fully elsewhere [17] ), on to the inner surfaces of which Brønsted-acid catalytic centres can be grafted, can yield an extensive range of useful catalysts. Prof. turn, could be converted to the useful platform molecule levulinic acid, as demonstrated also by Dumesic et al. [18] . Wilson also showed the merits of producing well-defined Zr/SBA-15 bifunctional nanoporous catalysts for biodiesel synthesis. She demonstrated the merit of tuning pore architectures of solid catalysts and, in particular, in using hierarchical structures. It was pointed out from the floor that the approach of Garcia-Martinez in designing mesoporous zeolites [19] , as well as the work of Perez-Ramirez [20] , on open-structure zeolites, could be advantageously employed in her investigations. (I return to the availability of mesoporous zeolites later in Part II.)
The wide-ranging presentation of Leitner [21, 22] , devoted to catalysis and green chemistry, concentrated chiefly on the conversion of CO 2 as a sustainable feedstock to produce useful chemicals (such as formic acid, formaldehyde, methanol, methane and polyurethane) all of which, when appropriately used, have a small carbon footprint. He emphasized how vitally important the synthesis of methanol is in the landscape of modern, environmentally responsible chemical manufacture. (Some 65 million tonnes of it are produced per annum, worldwide. One large plant alone produces a million tonnes; the facility in Iceland, which generates the necessary H 2 from the use of geothermal energy to affect the electrolysis of water, produces some 4 kilotonne per annum.) The main catalyst for methanol production from CO/H 2 /CO 2 mixtures in the wellproven catalyst consisting of Cu/ZnO/Al 2 O 3 , discovered by the now defunct ICI and currently manufactured by Johnson Matthey, Haldor Topsøe and other companies, the catalytic centres in which are copper ions, in association with traces of Zn δ+ at structural faults, as determined by the recent work of Behrens & Schlögl [23] .
The TOFs for the industrial production of methanol using the above-mentioned ICI catalyst fall in the range 10 −6 -10 −2 s −1 . Interestingly, Leitner reported that a homogeneous catalyst, designed by him, based on a Ru (triphos) complex, can also effect methanol synthesis in the liquid phase with a TOF of 2 × 10 −2 s −1 .
Gratifyingly, Leitner's group has succeeded in freely converting olefins, such as c-hexene with CO 2 (60 bar) and H 2 (10 bar), to the corresponding carboxylic acid. But the scale of such operations as this is not at all adequate to compensate for the rapid and threatening rise in generation of anthropogenic CO 2 . His group has also succeeded to convert epoxides and CO 2 to polycarbonates [21, 22] and to polyethercarbonates. We shall see in Part II that efforts are now being made to use CO 2 on a massive scale so as to produce CH 4 that is fit for insertion into a national 'natural-gas' grid, of the kind that is already operational in Ontario, Canada. Other novel uses, by Kanan, in particular, will also be outlined in §2a(i). Dr Olsson's paper [24] reminded us that, in autoemission control (and minimization of greenhouse and noxious gases), a modern diesel-powered vehicle is, in effect, a mobile chemical plant. There are specific compartments (post combustion) which consist of a diesel oxidation catalyst compartment; a diesel particulate filtering compartment; as well as a facility to permit urea decomposition to NH 3 , which, in turn, leads to a selective catalytic reduction unit. Two very useful, and surprisingly robust, zeolitic catalysts used in the technology described by Dr Olsson are: Cu SSZ-13 and Cu-Zeolite Beta.
Sauer's talk on microporous zeolites [25] focused on the intriguing question of why the catalytically active (Brønsted-acid) site [≡Al−O(H)−S≡] varies significantly in performance according to the long-range atomic structures of the particular (aluminosilicate) zeolite in which it occurs: mordenite, faujasite and pentasil (MFI) microporous solids. In addressing this question, Sauer discussed such informative features as (i) deprotonation energy, (ii) the frequency shifts of adsorbed CO 2 and (iii) the use of NH 3 as a model substrate. The microporous zeolites discussed by Sauer are capable of effecting the important methanol to olefins (MTO) conversion, the mechanistic details of which, involving the hydrocarbon pool idea, are described comprehensively in a recent review by Van Speybroeck & Catlow [26] .
A most important message conveyed by Sauer was that anharmonicities in vibrational modes are of crucial important in achieving quantitatively meaningful data pertaining to differences in performance of the same active site, embedded in different zeolitic structures. [29] as well as the conversion of solar energy to fuel (bottom) by Nocera et al. [30] . (Online version in colour.)
In Charlotte Williams' lecture [27] , we were shown how neatly homogeneous catalysts can facilitate polymer formation by the addition of CO 2 to epoxide molecules, an advance which was first reported by the Japanese worker Inoue in 1969 [28] .
As expected, CNR Rao gave a whirlwind account 1 of his group's recent work on artificial photosynthesis and, in particular, the splitting of water, photochemically, to yield H 2 . Enormous effects are currently being expended (by the Solar Fuels Network and other groups) in the harnessing of solar energy, both to produce O 2 and/or H 2 , as well as to generate fuel and to use CO 2 . Figure 2 highlights the recent work of two protagonists in this field, Corma [29] and Nocera [30] . Centi & Perathoner [31] have recently summarized their work on harnessing solar energy for the purposes of CO 2 utilization, in the context of energy-efficient production of chemicals and fuels. One of the key disclosures by Rao was the use of Co-containing oxides in which the Co III valence state dominates.
Part II
(a) Design of catalysts for the production of materials using CO 2 
as feedstock
Only three industrial-scale processes currently consume large quantities of CO 2 for the production of desirable materials: (i) the synthesis of urea, (ii) the synthesis of salicylic acid and, increasingly, (iii) the synthesis of cyclic carbonates and polycarbonates. Given that the total consumption of CO 2 for these processes is no more than some 100 megatonnes per annum, there is an urgent need to devise catalytic processes that will consume a significant proportion of the massive amounts of CO 2 Reference was made in Part I to the work of both Leitner and Wilson, whose discoveries certainly constitute steps in the right direction. And also the attempts made so far by the community of photochemists (e.g. Corma et al.) to convert CO 2 by reduction to CH 4 are praiseworthy. But until such time as CO 2 is used on enormously larger scales-for example, by constructing a viable 'solar refinery', in which CO 2 is used as a C 1 feedstock, in the manner outlined recently by Ozin and colleagues [32, 33] and by Centi et al. [31] , there is little prospect of being able to arrest (and possibly reverse) the build-up of anthropogenic CO 2 so as to minimize the global damage that this greenhouse gas inflicts.
New catalytic materials and processes are required that would use CO 2 together with a source of H 2 and sunlight, in conjunction with the appropriate (to be discovered) photocatalyst, for making renewable fuels such as CO, CH 4 or CH 3 OH in one of the photoreactor modules in a solar refinery of the future. The entire refinery would include modules that (i) harvest the sunlight, (ii) capture, purify and release CO 2 and (iii) directly convert CO 2 and H 2 O into fuels or (iv) indirectly producing H 2 from H 2 O and converting CO 2 into fuels.
Some promising candidate photocatalysts have been described, notably by Hoch et al. [32] at the University of Toronto. One of these, based on the key attributes of In 2 O 3−x (OH) y consists of nanocrystals that exhibit activity towards the photocatalytic reduction of CO 2 in a H 2 environment with both ultraviolet and visible light. These workers showed that surface populations of oxygen vacancies and hydroxides work in concert as active centres for CO 2 adsorption and charge transfer under simulated solar radiation. The overall scheme is depicted in figure 3 . It so happens that the bixbyite form of In 2 O 3−x (OH) y nanocrystals contains some 25% oxygen vacancies that concentrate on the surface. (Bixbyite is a mineral, (Mn, Fe) 2 O 3 .) These vacancies capture CO 2 , they accumulate charge with long-lived photoexcited states, and form sub-gap states that facilitates absorption of visible light. This information has prompted Ozin and co-workers to develop a collection of new materials, which share the characteristics of In 2 O 3−x (OH) y , but have the advantage of being composed of earth-abundant, low-cost and non-toxic elements.
Edwards and co-workers [34] have considered in depth all the thermodynamic and possible practical (materials) options for turning CO 2 into fuel. They also outline novel dry-reforming processes of hydrocarbons in which CO 2 Upon esterification using CO 2 as an activator, the carboxylate is converted into methyl ester with complete recycling of CO 2− 3 . This reaction enables the synthesis of dimethylfurandicarboxylate (dm FDCH) from furfural, a cheap, biomass-derived feedstock. But dm FDCA is a high-value monomer for large-scale polymer syntheses.
(i) Use of algae to convert CO 2 , water and sunlight to ethanol Among the comments made by German Nobel Prize winner, Hartmut Michel [35] , concerning the production of biofuels, was the specific reference to the fact that biofuels constitute an extremely inefficient use of land. As a consequence of this indisputable fact, many investigators have turned their attention to the use of algae as a means of generating ethanol (and also of converting biomass to hydrocarbons). A prime merit of doing so is the use of seawater (and seashores), rather than arable land that is required to grow crops for foodstuffs.
I am grateful to Prof. R. R. Chance (2015, personal communication to J.M.T.) for providing me with an opposite illustration (figure 4) of how CO 2 (from an industrial site in Florida) may be combined in sunlight with H 2 O to yield ethanol:
The company of which Prof. Chance is a leading member, Algenol biofuels, has used 'enhanced' cyanobacteria, having screened 2300 strains of algae collected globally as candidates for development.
Significant quantities of ethanol, amounting to several tens of thousands of gallons of ethanol can be produced in this way at prices that are already competitive. Ethanol as well as other platform molecules, such as butanediol and isoprene can also be manufactured in massive amounts by the fermentation of mixtures of CO 2 and other gases. Although encouraging progress has been made in producing useful materials by harnessing solar energy in the ways described above, the scale of the operation, so far, is so small as to be almost infinitesimal in comparison with the amounts of materials, currently produced largely from petrochemical refining. To maintain civilized life, with all its material necessities, a massive increase is required in the scale of production. This fact has been elaborated elsewhere [36] [37] [38] . To gauge the magnitude of what is now required of the 'solar refinery', I recall that there are some 400 petrochemical refineries in use worldwide at present. A modestly sized one processes 75 000 barrels of heavy oil in its fluidized catalytic cracking (FCC) bed. For this purpose, approximately 5000 tonnes of the La 3+ -exchanged zeolite Y cracking catalyst are cycled between the actual 'cracking' reactor and the regenerator per 24 h. This fact alone tells us that there is an urgent need to find new (catalytic) 'game-changing' ways of converting CO 2 to useful materials. An important fact, commented upon at the Discussion Meeting, is that there is, at present, no large source of readily available H 2 . Were H 2 plentifully available, the Fischer-Tropsch process alone could be responsible for the production of a large selection of alkanes, alkenes and alkanols. Indeed, the Audi Company has recently used large amounts of CO 2 , along with H 2 (produced by electrolysis of water) to create high-quality diesel for transportation purposes.
Since this paper was submitted several relevant new reports have appeared: see note added in section 2(e).
(b) Catalysis and the protection of the environment
This topic is already one that has been extensively discussed; and we were reminded by Leitner in this Discussion [21, 22] of all the key features that are involved. They have been expanded elsewhere, and this author alone has written extensively on designing catalysts for tomorrow's environmentally benign processes ( [39] [40] [41] [42] , see also the volumes, by Cavani et al. [43] [45] and Ampelli et al. [46] ).
In the sections below, I discuss two new approaches to the design of atom-efficient catalysts, for atom-efficient processes. The first of these is, as yet, not fully exploited, but it has great promise: single-atom heterogeneous catalysts. The second has been exploited already for more than a decade, and some industrial processes are operated on its principles: single-site heterogeneous catalysts (SSHCs).
(i) Single-atom heterogeneous catalysts
There have been several discussions in the past that have pursued the question of whether a single atom, attached to a support, or otherwise is a constitutional part of it, may function as an efficient catalyst [47] [48] [49] [50] . There has also been a very recent theoretical treatment of the prospects of single-atom catalysts on amorphous supports [51] ; and early work by Flytzani-Stephanopoulos and Mavrikakis, which is described more fully below, showed [52, 53] how a special kind of singleatom catalyst consisting of an individual Pt atom stabilized by closely attached Na or K ions on a SiO 2 surface could function as an efficient catalyst for the water-gas shift reaction:
Chinese workers at the Dalian Institute of Chemical Physics [54] [55] [56] have provided cogent evidence to believe that individual atoms of the precious metals Ir, Pt and Pd are capable of catalysing a number of commercially important reactions. In 2013, they showed [54] that single atoms of Ir, supported on FeO x exhibited remarkably high performance in catalysing the watergas shift reaction. And in a short review later that year, Yang et al. [55] [56] ). Reaction conditions: T = 40
• C, P = 3 bar, 0.08 wt% Pt/FeO x catalyst, Pt/substrate = 0.08%; 5 ml reaction mixture: 0. 5 The catalytic hydrogenation of nitroarenes is an environmentally benign technology for the production of anilines that are key intermediates for manufacturing agrochemicals, pharmaceuticals and dyes. These Chinese workers point out that most nanoparticle versions of precious metal catalysts suffer from low chemoselectivity when one or more reducible groups are present in a nitroarene molecule. Their single-atom Pt catalysts, however, are highly active, chemoselective and re-usable for the hydrogenation of a variety of substituted nitroarenes. For the hydrogenation of 3-nitrostyrene, for example, Wei et al.'s [56] single-atom Pt catalyst yields a TOF of ca 1500 h −1 , which is 20-fold higher than the best result reported in the literature, and a selectivity to 3-aminostyrene of ca 99%, which is the highest reported value for a Pt group metal catalyst. These authors attribute the exceptional catalytic performance to the presence of positively charged Pt centres and the absence of Pt-Pt bonds. The results they report are spectacular, as shown in table 1.
The whole domain of single-atom, precious metal, especially Pt and Au, catalysts has been the subject of several definitive studies by Flytzani-Stephanapoulos and her co-workers [ While it is well-known that different types of oxide supports have different capabilities to anchor, and hence tailor the catalytic behaviour, it is not always clear whether the support is a mere carrier of the active metal site or whether it participates directly in the overall reaction. Flytzani-Stephanopoulos' resent work ( [58] and references therein) sheds considerable light on this question. The kind of single-atom site she envisages is depicted in figure 5 , where the isolated Pt(II) atom, covalently bonded to O of the support and is shrouded by the alkali atoms (either Na or K).
And the high-resolution electron micrographs (recorded by scanning transmission electron microscopy) of the single- in figure 6 . All three catalysts are active in the water-gas shift reaction. It is to be noted that these workers determine the oxidation state of the active Pt species by in situ X-ray absorption spectroscopy. There is little doubt that the active Pt is in its Pt(II) state. See further comments on the question of single atom catalysts in part (iii) below.
(ii) Single-site heterogeneous catalysts
An SSHC does not necessarily have to be made up of a single atom, as in the case of the Chinese workers papers described above [54] [55] [56] . Indeed, the work of Flytzani-Stephanopolous and colleagues [57] [58] [59] shows that the active centre is composed of several other atoms besides the crucial Pt or Au noble metal entities. It has been recognized for well over a decade [6, 7] that there are numerous other single-site catalysts which can occur at solid surfaces. In the classic examples of SSHCs, described fully elsewhere [6, 42, [60] [61] [62] [63] , all the single-sites are chemically (and energetically) identical and are spatially well separated from one another on a high-area support-usually a nanoporous solid [17, 60] , but the high-area support may also consist of multi-walled nanotubes of carbon, as in the work of Tessonier et al. [62] (figure 7). SSHCs are generally made up of nanoporous inorganic oxides (including all zeotypes and mesoporous silicas). Almost all inorganic oxides can now be readily prepared possessing very large surface areas and with well-defined pore structures of controllable diameters in the range ca 3.5-500 Å. These solids can be fashioned into heterogeneous catalysts with a single type of spatially well-separated, highly selective, active sites. These sites can be readily introduced either during synthesis or by post-synthesis modification. Moreover, SSHCs of this kind-just like homogeneous catalysts-are readily amenable to delicate design and to in situ characterization via a wide variety of spectroscopic and other means [60, 63] .
Micrographic and related aspects of a selection of the inorganic nanoporous oxides that are used to create SSHCs are shown in figure 8 . And a typical example of powerful bifunctional SSHCs (composed of a Brønsted-acid site as well as a redox site) is shown in figure 9 . The recent advances in preparing mesoporous and hierarchical zeolitic structures [19, 20] has added further scope to the preparation of desired SSHCs. MOFs, as indicated in Part I, are also good examples of SSHCs, and figure 10 depicts the kind of environment in which a single-site may be engineered. Table 2 enumerates the examples, developed in the author's laboratory, of SSHCsboth industrially feasible and laboratory-proven-for a variety of environmentally benign processes. (iii) Single-atom and single-site heterogeneous catalysts: the verdict Provided the single-atom catalysts described in §2b(i) can be made sufficiently stable, after continued use-and not lose their performance as a result of surface diffusion and subsequent accretion-it will mean that even expensive rare elements can be used as relatively cheap atom-efficient catalysts.
Details of an ingenious way to create a single-site Pd catalyst for hydrogenation are presented (J. Perez-Ramirez 2015, personal communication to J.M.T., [64] ), and now further elaborated -see notes added in proof. But it does call to mind the work of Sykes and Flytzani-Stephanopoulos [65] , who described what they term a single-atom alloy, in which single atoms of Pd are bound to the (III) surface of metallic Cu. On Pd, dissociation of H 2 is essentially energetically barrierless and the H atoms spill over to the Cu which then becomes a good hydrogenation catalyst.
The SSHCs described in §2b(ii) are predominantly composed of earth-abundant elements such as O, Al, Si and P 2 , and this augers well for the future use of such catalysts for environmental protection.
SSHCs are also vitally important in the field of biomass conversion, especially the sugars that can be readily manufactured from biomass and other feedstocks through metabolic engineering, a procedure that is thought by Keasling [66] to rival and potentially to eclipse synthetic organic chemistry. For example, sugars derived from biomass can be fermented with one or more species of micro-organisms to form, not just C 3 or C 4 alcohols (like isobutanol, for instance), but also C 5 , C 6 and higher alcohols. These alcohols can be readily catalytically dehydrated, using a good example of an SSHC, namely H + ZSM-5 of the appropriate Si/Al ratio. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . The resulting olefins can, in turn, again using the appropriate single-site acid catalysts, be oligomerized or polymerized. And subsequent hydrogenation of these species can, for example, lead to the clean production of various kinds of transportation fuels, especially jet fuel (free from sulfur and other undesirable constituents) [37] .
As recently demonstrated by Davis [67] heterogeneous catalysts, many of them Brønsted-acid or Lewis-acid single-site ones, offer considerable scope for the synthesis of commodity polymers from biomass. Apart from the use of glucose as a starting material, which can be conveniently isomerized, as shown by Davis, to fructose the dehydration of lactic acid opens up new routes to acrylic acid and acrylonitrile, which are currently produced [37] in environmentally aggressive ways. An interesting reaction starting from fructose is again its catalytic dehydration at single-site nanoporous solids to yield 5-hydroxymethylfurfural, which, in turn, produces a convenient path that leads to 2,5-furandicarboxylic acid for the synthesis of polyethylene furanoate or purified terephthalic acid, which is used in massive amounts to form polyethylene terephthalate, that currently is synthesized from petrochemicals. ........................................................................................................................................................................................................................ 3 This report points out that the manufacture of 18 products (among thousands) from the chemical industry account for 80% of energy demand in the chemical industry and 75% of greenhouse gas emissions. 4 A key finding in this report is that improvements in catalytic and related processes could reduce energy intensity for these 18 products by 20-40% as a whole by 2050.
We note that ethylene and propylene-their global production in 2012 was 220 million tonnes-are massive and vitally important products of the chemical industry. But, they are currently generated, non-catalytically, by 'steam cracking' of naphtha.
Recent work, using microporous SSHCs such as those depicted in (see fig. 4 .15 in [60] ), offers possible solutions. As, methanol, which (as stated in Part I) is also massively produced, is readily catalytically converted by Brønsted-acid single-site microporous solids to olefins, especially ethylene and propylene, here, at least, is a laboratory-scale template for their alternative production. A case can be made [68] for regarding methanol as the new crude oil by more efficient combination of renewables with traditional refineries and power plants. It is relevant to note, in this connection, that methanol can be converted into almost any petrochemical product and fuel that exists today without changing any of the infrastructure across the developed world.
(i) Improving cracking catalysts
Owing both to the massive, ubiquitous scale of FCC of heavy oil, and the predicted continuing use of oil as a source of energy, it is necessary to improve the efficiency-conversions, selectivities and longevity-of the traditional La 3+ -zeolite that is the centrepiece of most, if not all, modern petrochemical refineries. Already, thanks to ingenious advances instigated by Garcia-Martinez and his colleagues [69, 70] , mesostructured Y zeolites have been developed as superior FCC catalysts (figure 8). Another result of their work is that their catalysts are more capable of cracking large hydrocarbon molecules. Moreover, such mesoporous Y-zeolite cracking catalysts allow valuable primary cracked products, like gasoline and molecules of diesel, to escape more readily from the catalyst before they are 'over-cracked' to less valuable light gases and coke. This new mesostructured catalyst is a so-called 'drop-in' replacement for current FCC catalysts. One may expect several similar improvements, by using mesoporous and hierarchically structured zeolites, in other aspects of the industrial processing of the component of oil.
(ii) The growing importance of methanol as an energy vector Given that the global market for olefins is about the same as that for liquid natural gas, it has been recently suggested [68] that methanol could compete as a feedstock. Since gas fields are becoming smaller and localized, the idea of a 'floating' chemical plant is now a reality. Moreover, it is now relatively easy to design and construct MTO plants in very short time. exhibited 100% conversion and ca 40% selectivity to C 2 olefins and ca 35% selectivity to C 3 olefins over a period of 90 days ( figure 11 ). Figure 12 taken from the work of Atkins and others at BP, shows the ease with which the right catalyst can readily generate dimethylether-by single-site and catalytic dehydration of methanol-and how other important products like acetic acid and methylacetate may be readily made a part of a closed cycle. Another important speciality molecule, dimethylcarbonate, which is formed from methanol by combining methanol (via a hydrogen carrier) can play key roles in an evolving economy based on methanol.
(iii) 'Power-to-gas' and its variants One manifestation of 'power-to-gas' policy, operated in several countries worldwide, consists of harnessing the power generated from biomass, solar wind, geothermal, hydro, nuclear or fossil sources to generate H 2 (by electrolysis) and then to blend that H 2 with the existing natural-gas grid. However, no more than ca 15% H 2 can be incorporated into the natural gas because of several limitations. Among these are considerations of safety, of leakage and of impact on the end-use systems (that normally use natural gas). The permeability of H 2 , for example, through the plastic ducts that constitute some natural-gas grids, is much greater than that of methane. In some cases, domestic appliances cannot safely accept any H 2 mixed into the natural-gas blend. Moreover, the cost of sensors and upgrades to set-up end-user appliances to accept H 2 gas mixtures at levels of less than 15% is exorbitant. Indeed, the task of ensuring that all consumers and end-users have all of their natural-gas-powered appliances properly suited for gas blends with high contents of H 2 is enormous [71] .
As pointed out by Ozin et al. at the University of Toronto (G. A. Ozin 2015, private communication to J.M.T.), a much simpler solution is to convert the H 2 generated from renewable power into CH 4 prior to injecting it into the natural-gas pipeline network. This entails finding appropriate catalysts for converting renewable H 2 with CO 2 into CH 4 at centralized locations. Such an approach obviates the necessity of making changes to existing pipeline infrastructures that often extend over hundreds or thousands of miles (depending upon the country).
A major advantage of this approach is that it involves the removal of the greenhouse gas CO 2 from the atmosphere. The goal of the above scheme is to integrate CO 2 recycling into a 'powerto-gas' programme. In essence, a photovoltaic or another renewable source would generate the electricity to electrolyse water and produce the H 2 , and the appropriate photocatalyst would then completely reduce the CO 2 to CH 4 (rather as in the laboratory experiment of Sastre et al. [29] ).
Recently, Ozin and colleagues [32, 33, 72] , in their programme, based on CO 2 -to-fuel using sunlight as the driving force, have discovered two prototype systems that have significantly improved the outlook for research on solar fuels. One involves the photo-methanation of gaseous CO 2 over Ru/Si nanowire catalysts [71] ; the other involves the use of In 2 O 3−x OH y in its bixbyite form, as described earlier [32] ( figure 3) .
In essence, what the Toronto team envisage is a closed carbon cycle: (i) the sunlight used for the solar fuels reactor converts CO 2 to CH 4 using the H 2 generated by electrolysis from, for example, a photovoltaic assembly; (ii) the CH 4 so generated is fed into the natural-gas pipeline network, where it generates CO 2 that is captured for use in the solar fuels reactor.
In principle, this scenario is very attractive. Everything depends on the catalytic performance for the conversion of CO 2 in H 2 to CH 4 . At present, the achieved catalytic performance is promising, but not enough to make this approach immediately applicable. The concept, however, is meritorious.
(d) Life cycle and techno-economic analyses
On a number of occasions during the Discussion, the question of life cycle analysis was raised. Far too often, when the merits of a new catalyst are described, and especially when its promise as a 'green' advance is extolled, the question of cradle-to-grave costs are ignored. It is not only financial aspects that are neglected. The damage done to the environment, for example, in the retrieval of ores, required for a particular precious metal, such as those in the platinum group, are not even taken into consideration. This particular example figured eminently in the presentation by Dr A Datye at the Satellite Meeting, following the Discussion. Prof. Peter Edwards also raised the question after the presentation of Prof. Karen Wilson's paper. And in a colourful contribution by Prof. Roger Sheldon at the Satellite Meeting he recalled how, early in his industrial career, he was asked to work out a cost-effective method of converting benzene to toluene. A few months later his superiors informed him, as a result of a newer recent cost analysis, that he should, instead, endeavour to convert toluene to benzene! The moral of this brief section is that, continually, through the development of a new catalyst, a life cycle analysis should be carried out.
There is now an increasing trend to embark on analyses of life cycle energy and greenhouse gas emissions for all manner of production processes involving catalysts. An early example, by Luo et al. [73] dealt with ethanol production based on the use of blue-green algae (cyanobacteria)-see also [74] . Here the key processing step involves separating the ethanol from the seawater growth medium. What has become abundantly clear is that the so-called E-factor is a poor metric for general use as it totally ignores the consumption and/or production of water. As became evident in the presentation by E. Schwab (of BASF) at the Satellite Meeting, water is of major importance in modern manufacturing practice and it cannot be ignored in any assessments of efficiency.
A thoughtful contribution has recently been published [75] by Edwards and co-workers, in which they deal with a framework and metric to assess the impact of catalyst efficiency enhancements upon energy and CO 2 footprints. A question posed by these workers was: 'If catalyst efficiency in a particular fuel production or conversion process were to increase from its current (best) value, by how much would that increase have to be in order for greenhouse gas emissions to be significantly reduced, to a value highly beneficial from a climate change perspective?' Towards this goal, these workers have proposed the concept, definition and development of what they term the Catalyst Sensitivity Index to provide a measureable index as to how efficiency or performance enhancements of a heterogeneous catalyst will directly impact upon the fossil energy consumption and greenhouse gas emissions. This paper [75] gives a complete life cycle analysis of the following fuel production and conversion processes: biomass-to-liquid, algae-to-liquid, gas-to-liquid and coal-to-liquid, as well as semi-quantitative assessments of FCC, hydrocarbon-cracking and steam-methane-reforming.
(e) Notes added in proof
In the time since this article was composed several significant advances have been made, especially in the fields of conversion of anthropogenic carbon dioxide to valuable materials. There have also been important advances made on single-atom catalysts. It should also be noted that it has been recently recognized that natural gas supplies are likely to prove plentiful for the next 230 years, so the frequently expressed view that there will soon be a shortage of fossil fuels is no longer valid, and the view that there will soon be a shortage of fossil fuels is no longer tenable. The task facing the catalyst expert is to devise more benign catalysts that not only can process renewable feedstocks, but that can facilitate environmentally responsible means of processing non-renewable ones.
Various aspects of these topics, as well as others-such as biochemical and other methods of diminishing atmospheric CO 2 and of creating new sources of energy-have been fully discussed in a recently submitted review paper by this author and K.D.M. Harris 
